Tunneling spectroscopy has been used to detect the photoexcitation of charge carriers in the wide band-gap semiconductors, ZnO and cubic SiC. Because the process is energy sensitive, valence-toconduction hand or defect charge transfer transitions may be selectively excited and detected with the scanning tunneling microscope. Two types of transitions were detected which change the tunneling response; for cubic SiC valence-to-conduction band transitions were excited, while for Co 2 + and Mn 2 f-doped ZnD electron charge transfer transitions from the dopants to the conduction bands occur. Preliminary results on the effect of a continuous energy (ultraviolet) light source on the tunneling spectrum of ZnO are presented.
I. INTRODUCTION
Monochromatic light sources have previously been used in conjunction with scanning tunneling microscopy (STM) to modulate the sample-tip separation through local heating, 1 to increase conductance in semi-insulating GaAs 2 and to examine the surface photovoltage effect on the Si (Ill) (7 X 7) surface.
3 Although not explicit in this previous work, detection of photoexcitation in tunneling spectroscopy should not, in principle, be limited to narrow band-gap semiconductors or to valence-to-conduction band transitions. Optically active defect states resulting from elements in solid solution or from structural defects should also be observable. In addition, the combination of the high energy resolution of optical spectroscopy with the high spatial resolution ofSTM would provide considerable insight into problems involving the electronic structure of defects in solids. The paper presents the first observations probing subsurface chemical defects using tunneling spectroscopy augmented by optical excitation in materials with band gaps as large as 3.2 cV.
In STM analysis of wide band-gap semiconductors one of two conditions obtains, either a high density of surface states pins the surface Fermi level as in the case of most STM analyses or a Schottky barrier forms. 4 • 5 In either case, the bulk energy bands are bent and a depletion layer forms under the probe tip which can 'pinch' -off the tunnel current as has been demonstrated by Feenstra et al. on GaAs." The width of the depletion layer decreases as the carrier concentration increases, and, therefore, could be altered by photoexcitation. A hand-to-band excitation will typically create a pair of mobile carriers which will drift in different directions in the depletion layer field gradient, while a charge transfer transition of an electron to the conduction band or a hole to the valence band will create one free-carrier which can move in the field. The increased carrier concentration will cause a reduction in hand bending, since the depletion layer depth is inversely proportional to the square root of the charge carrier density, and should be detected in the STM as a change in local capacitance, in conductance at constant sample-tip separation or in tunnel barrier height.
The two possible types of excitation, valence-to-conduction band transition, and charge transfer excitation, are considered separately here. To explore the first, hexagonal SiC and cubic SiC were examined during illumination with 2.81 eV light. Due to the differences in band-gap energies, vaIence-to-conduction band transitions should be allowed for cubic SiC but not for hexagonal SiC. To observe the second type of excitation undoped ZnO and ZnD doped with Co 2 + and Mn 2e were examined under the same illumination. In this situation, transitions from the Co 2 -+ and Mn 2 + levels to the conduction band are allowed while valence-to-conduction band transitions are forbidden. After a description of the experimental procedures and sample preparation, electronic structure of the samples as determined by optical spectroscopy are presented, then tunneling spectra with and without illumination are compared. Observations are discussed in terms of the effects of optical excitations on the tunneling spectra.
II. EXPERIMENTAL PROCEDURE
Scanning tunneling microscopy was carried out in ultrahigh-vacuum (URV) with a base pressure < 5 X 10 -J() Torr. The microscope used in these experiments was of a standard design, described in detail elsewhere,' and the tips were formed mechanically from 0.01 in. Pt wire. Samples were attached to silver or copper plates using silver print. The chamber was configured such that the sample-tip junction could be illuminated by an external light source. The light source was a He-Cd laser which produces a 7 m W beam of 441.6 nm, 2.81 eV light. Photon flux reaching the sample is estimated at 1,5 X 10 16 /s. Current-voltage (1-V) curves were acquired over an energy range of 6 e V using the interrupted-feedback (100-300 ~lms) method in the presence and absence of illumination at a variety of sample-tip separations. Each J-V curve is an average of between 10 and 32 curves which were acquired sequentially. Since a small variation in sample-tip separation during acquisition of a spectrum will result in an apparent change in local conductance, several steps were taken to characterize the stability of the tunnel junction. The junction was brought to thermal equilibrium while under feedback control so that further expansion did not occur during the measurement. Drift during the feedback interrupt was negligible. Ten series of spectra were acquired in the illuminated condition after which ten were acquired in the nonilluminated condition. These measurements were compared with a series' of alternating illuminated/nonilluminated measurements. The entire sequence was repeated over four times on at least 5 different days for each sample. While the magnitude of the conductance did vary somewhat due to tip instability and the angle ot'the impinging radiation, the relative differences reported here were consistent in every measurement.
Transmission and reflectance measurements were performed on the SiC using a Perkin Elmer Lambda-9 UV-Vis spectrophotometer, and the absorption coefficient, a in units of cm -\ determined using a 2-D Newton's method which corrects for multiple internal reflectance losses in the sample. 8 The band-gap energy of a bulk material can be experimentally determined from the bulk absorption coefficient by a fitting procedure where either a direct or indirect band-gap model is presumed. The absorption depth, d, of the photon flux can be determined from the absorption coefficient by the condition ad = 1 and determines the volume ofthe sample in which the incident photons will excite charge carriers.
Four samples were examined, a cubic SiC crystal, a hexagonal SiC single crystal, a ZnO single crystal, and doped polycrystalline ZnO. The cubic SiC crystal, grown by chemical vapor deposition methods (CVD), was a transparent crystal 20-llm thick with a yellowish color.
9 The green, transparent, hexagonal SiC crystal, grown by the Acheson process, was 450-,um thick and was presumably of mixed polytypes. Nearly intrinsic, transparent, colorless, single-crystal ZnO was annealed at 500°C in a zinc overpressure to introduce a popUlation of shallow donors. The electronic conductivity of the crystal increased and it became orange in color as a result of the reduction. The doped 2nO sample was prepared via chemical methods 10 and contains 0.1 % CoO, 0.1 % MnO 0.1 % Bi 2 0 3 and 150 ppm All O}, The defect chemistry of this sample has been rather well characterized 11 ,!2 and is summarized in Table 1 . Note that the tetrahedrally coordinated transition elements, Mn and Co, induce defect states 1.9 eV below the conduction band edge. A number of energies have been reported for the shallow defects states, i.e., singly and doubly ionized oxygen vacancies and zinc interstitials. Representative values are provided in Table I , the important point being that the shallow donors will be ionized at room temperature and will not contribute additional charge carriers during illumination.
It is well known that the electronic structure of 2nO surfaces is affected by atmospheric gases which can be adsorbed on the surface. Ll In order to eliminate any effects of photodesorption the doped ZnO sample was cleaned in situ. After polishing and cleaning in acetone and ethanol, the sample was heated in air to 140°C for 30 min, then to 500 cC for 30 2.51 cV (band gap) no effect increased conductance a Except for the band gaps these energies are referenced from the bottom of the conduction band min and finally was heated to 400°C for 10 min in vacuum to remove any chemisorbed gases. The composition of residual gases in the chamber was monitored before, during and after laser illumination. (A controlled study of the effects of adsorption of CO 2 , O 2 and HIO in the tunneling spectra of ZnO polar and nonpolar surfaces will be reported elsewhere. 14 )
III. RESULTS
The electronic structure of the samples will determine their interaction with the laser illumination, and the method and efficiency of induced charge carrier creation. For intrinsic band-to-band excitations the important consideration is the band-gap energy (Eg) and the absorption coefficient of the crystals at the laser photon energy. For charge transfer excitations, the donor-to-conduction band energy difference and the absorption coefficient of this transition at 2.81 eV will dictate the efficiency of charge carrier creation. As shown in Fig. 1 , the cubic SiC sample has a direct gap energy '" l' .300 ' ' ' 0: of2.51 eV for fitting 75 < a < 150 cm ~ I, while the hexagonal SiC sample has a direct gap energy of 2.79 eV fitted in the same range of alpha. For the cubic SiC the absorption coefficient at 2.81 eV is 410 em -I while for the hexagonal SiC it is only 56 em ~ I. There is roughly a factor of 10 increase in the volume over which the laser excites charge carriers in the hexagonal SiC sample and, therefore, a factor of 10 decrease in this sample's charge carrier increase under illumination compared to the cubic SiC sample. The hexagonal SiC sample also exhibits a defect absorption at 2.0 eV (visible in Fig.  1) arising from a transition which will not contribute a charge carrier.
No photoconduction effect was observed in the tunneling spectra or in the current on sample-tip contact in the analysis of the hexagonal SiC crystal in air, where the effect usually appears to be most pronounced; consequently, this sample was not analyzed in DHV. The results of the analysis of cubic SiC are illustrated in the current-voltage curves and derivative spectra of Fig. 2 . Illumination of the junction in air increased the conduction above the Fermi level. In this case the increased conductance must result from valence-to-conduction band transitions. This is similar to the result of van A, and (el) the tttnndingspectrum indicating the valcncehand edge, R,., the conduction band edge, E,., and two midgap states, 3, and S2 0 This structure is common on the doped sample and is typical Df the ZnO ( lOW) surface.
de WaBe et al. except that SiC has a band gap larger than GaAs by a factor of2 and we have also tested the null case in which the band-gap energy is larger than the energy of the photons.
ZnO surfaces usually contain a number of steps. The step density and dimension of the facets varies as is illustrated in the image of the undoped sample shown in Fig. 3 . No effect in the tunneling behavior was observed on illumination of the undoped sample; a reasonable result as a large density of bulk defect states is not present in the forbidden gap and the light has insufficient energy to induce valence-to-conduction band excitations. The electronic structure typical of doped ZnO is shown in Fig. 4 . The features common to all regions of the sample are the valence band edge, E", the conduction band edge, E e , and two midgap states, Si and S2' The remaining details of the spectrum varied with position. This structure is also typical of the ZnO (1010) ground states to the conduction band. The conditions under which excitations were, and were not, observed in the tunneling behavior are summarized in Table 1 .
IV. DISCUSSION
Except for the possibility of photodesorption, which is discussed in detail below, there are two types of observations that might be expected in the tunneling spectra upon illumination of optically active material. The first involves detailed variations in the positions of band edges due to the change of occupation on optical absorption. Making the most liberal estimate of this occupation change near the valence band edge on excitation by using a beam size of 1 mm, assuming the maximum number of carriers are excited, the fraction of the time spent in excited state is high, and given an absorption depth of 1 pm, the largest possible value of occupation change, !::.nln, is about (1 X 10 16 ) / ( 1 X lOi8) or about 0.01. Given the restrictive assumptions made in this calculation a more realistic estimate is at least an order of magnitude lower, or 0.01 %. A change on this order is not likely to be observable as a change in band edge position in a tunneling spectrum. In the case of charge transfer excitations an is about 5 X lOiS, where the number of photons is larger than 7.5, 7.7, and 9.8 eV. the concentration of dopants in the ZnO for example. Since none of these states are excited in the absence of illumination, this corresponds to a significant change in occupation of midgap defect states that should be detectable in the tunneling spectrum. We have not observed this effect to date.
The second mechanism involves the dependence of the depletion layer on carrier concentration and is illustrated in Fig. 6 . In both the case of valence-to-conduction band transitions and of charge transfer excitations the depletion depth will decrease on optical absorption with a square root dependence On the number of excitations. This will result in an overall increase in local conductance. This mechanism is consistent with the data presented in Figs. 2 and 4 ; however, our results do not imply that it will not be possible to detect variations of midgap electronic structure.
The adsorption of atmospheric gases on ZnO creates a depletion layer at the surface; therefore, an alternative explanation for the increase in conductance on illumination is that the light stimulates the photodesorption of molecular species from the ZnO surface and causes a reduction in the depletion layer width and increased conductance. There are three reasons why it is unlikely that this process occurs in these experiments. Shapira et al. studied photodesorption from ZnO surfaces and found that desorption was only stimulated by photons with energies near or above the band gap.15 The light used in the current study is in an energy range where almost no detectable desorption occurred in the previous work This is supported by the observation that there was no detectable change in the residual gas composition of the URV chamber during the laser illumination of ZnO. Second, the same desorption process should have occurred on both the pure and the doped material, yet the photoexcitation effect was detected only in the doped material. Last, the effect would not have been reproducible in vacuum since the prolonged laser irradiations would have degased the sample surface. It should also be noted that the small increase in sample temperature associated with the illumination is not enough to drastically change the sample conductance and would have had the same effect on all of the samples.
The potential of combined STM and photoexcitation to realize spatially resolved optical spectroscopy has been demonstrated in this study. The obvious extension of the work utilizing monochromatic radiation is to use a continuous light source. In order to explore this approach, we have used an ultraviolet light source with the characteristics shown in Fig. 6 , which is particularly appropriate for wide band-gap semiconductors due to its high intensity above 5 eV. The effects ofiHumination ofZnO with this source are presented in Fig. 7 . Upon illumination several events occur. A photocurrent is emitted which is superimposed on the tunneling signal. This implies that the sample-tip separation has increased and local conductance should decrease if the electronic structure of the sample is not altered by illumination. This is contrary to the experimental observation that there is an increase in density of states near the Fermi level on excitation with a continuous radiation source. Although this is a complex result in that the measured electronic structure contains excited states, the potential to use this approach to isolate excitations is obvious. Further work involving systematic measurements using a monochrometer with this light source are necessary to be able to understand this behavior.
v. CONCLUSIONS
Valence-to-conduction band transitions in SiC have been observed in tunneling spectra acquired in a STM. In the case of doped ZnO, the charge carrier concentration and tunnel current arc increased by the excitation of charge transfer transitions from bulk donor defect states to the conduction bands, thus allowing the STM to probe subsurface chemical defects. The energy sensitivity of the process suggests that the tunneling current may be used as a detector for optical spectroscopy with the high spatial resolution of the STM, an exciting deveiopment with the potential of identifying microscopic structural and chemical defects. Progress towards this end has been demonstrated in preliminary observations of multiple excitations in ZnO from a continuous energy light source in the tunneling current.
